Introduction
Ge photodetectors (PDs) on Si are indispensable to achieve wide-band wavelength division multiplex (WDM) telecommunication around 1550nm in Si photonics [1] . The red-shift in the absorption coefficient of Ge was reported and analyzed in terms of in-plane tensile strain in Ge induced by the mismatch of the thermal expansion coefficients, α (α Ge >α Si ) [2] . Those studies have been limited to biaxial strain in planar Ge layers on Si. Thermal strain in Ge, however, should depend on the in-plane shape and size of PDs. Recently, waveguide-integrated Ge PDs have been demonstrated where Ge PDs were in the form of long strip shapes on Si waveguides (WGs) [3] [4] . In such configuration, strain accumulation and relaxation in Ge should be different; strain in the strip shaped Ge PDs can be under uniaxial strain. The present study reports theoretical calculations of the absorption spectra based on the direct band transition under three types of tensile strain: biaxial, <100> and <110> uniaxial strain. The relation between strain and absorption coefficient is discussed to maximize the performances of Ge PDs on Si WGs.
Calculation
We employed the k·p theory with deformation potentials to estimate the direct band-gap shift under stress in Ge [5] . The coupling of heavy-hole (HH) and light-hole (LH) with spin-orbit split-off (SO) was included. The constants used for the calculation are listed in Table 1 . The shifts in the direct bandgap for both of conduction (C)-HH and C-LH transition are plotted as a function of stress in Fig. 1 . Since uniaxial <110> stress deforms the unit cell of Ge from the diamond cubic structure to orthorhombic, the band-gap shift was expressed by the "stress" applied to Ge rather than strain for comparison. Bandgap shrinkage occurs under tensile stress although the degree of bandgap shift depends on the stress directionality.
The absorption spectra were calculated based on the direct band transition in Fig. 2 . An exciton state near the bandgap was taken into consideration, using the formula and the parameters in ref. 6 . The calculated absorption spectra are in Fig. 2 showing a good agreement with the absorption spectrum (dashed line in Fig. 2(a) ) of unstrained Ge reported [7] . The bandgap shrinkage by tensile stress Table1. Constants used S 11 (GPa -1 )
9.793x10 leads to the absorption red-shift. The effect of the C-HH transition appears at shorter wavelength with larger absorption coefficient than the C-LH because of the larger optical density of states. The red shift in the absorption is larger in the case with biaxial stress. For the same magnitude of stress, uniaxial <100> stress results in a lager red shift in the absorption than <110> stress because of the C-LH transition.
Localized strain measurement
We have selectively grown 0.6-μm-thick Ge mesas with various in-plane shapes on a Si substrate using ultra-high vacuum chemical vapor deposition (UHV-CVD) to study the strain relaxation in Ge with finite structures. The Ge mesa of 10x30 (μm 2 ) in size was characterized by localized reciprocal lattice mapping (RLM) using Synchrotron Radiation at the SPRING 8 as in Fig. 3(a) . The out-of-plane lattice constants are plotted at the five points with the interdistance of 2 μm together with the blanket region (dotted line) and unstrained Ge lattice constants as in Fig. 3(b) . It should be marked that strain relaxation was not observed even at the point 1 μm away from the mesa edge. The decrease of lattice parameters corresponds to 0.12~0.16% of in-plane biaxial tensile strain. This is strongly suggestive that the Ge mesa widths of 1-10 μm with 0.6 μm thick should be under biaxial strain.
Discussion
Tensile strain in Ge is beneficial since it shows enhanced absorption at 1550nm or at detecting wider range of wavelength beyond 1550nm. From our calculations, biaxial tensile stress offers more advantages over uniaxial stresses. Following these results, we chose the Ge PDs on 10μm-wide Si multimode interferometer (MMI) WGs instead of single-mode-sized WGs in order for Ge to maintain biaxial tensile strain [8] .
It has been believed that local strain should relax at free surface i.e., sidewalls or edges in a finite Ge structure on Si. However, the microscopic strain measurements clearly indicate that strain relaxation is not severe when Ge strips are wider than about 1 μm. A great deal of strain relaxation has been reported at the even narrower width [9] . On the other hand, small lateral dimension reduces threading dislocations (TDs) due to high temperature annealing. Under the lowered density of TDs larger biaxial strain would be accumulated in Ge because the plastic deformation is suppressed. There should be a critical lateral dimension of Ge mesa to maximize biaxial tensile strain and to lower the dislocation density when its thickness is optimized.
When Ge PD is evanescently coupled to Si WG, Ge length should be long enough for sufficient absorption and Ge width should be as downscaled as possible in order to avoid RC delay (area). A rectangular shape of Ge PDs with submicron lateral dimension is desirable. Under those constrains, uniaxial strain would develop in Ge. Let us suppose that Ge PD is capable of detecting the absorption coefficient larger than 1000 cm -1 , which is derived from the C-LH transition. In the uniaxial tensile case, the <110> directional PD should better perform than the <100> one because uniaxial <110> tensile stress shows a larger C-LH shift than uniaxial <100> tensile stress does, as in Figs. 2(b) and 2(c).
Conclusion
Absorption spectra were delineated based on the direct bandgap shift under stress via the k p theory. Biaxial stress shows larger absorption red-shift than uniaxial stresses. It was found that Ge mesa with 10μm-width remained biaxially strained. Under uniaxial stress which may occur for the Ge size smaller than ~1μm, the <110> direction is more desirable for the Ge mesa PD on Si WG over the <100> direction because of the larger absorption red-shift.
